Submerged Membranes Bioreactors (SMBR) are an established technology for wastewater treatment for water recovery and reuse. However, its routine application is still compromised by the high energy consumption to overcome the fouling effect. This study evaluated the effect of aluminum sulfate and cationic polymer in the orthophosphate removal and sludge filterability improvement in the mixed liquor of a SMBR pilot system. Parameters such as coagulant concentration, filtration time, extracellular polymeric substances (EPS) reduction and orthophosphate removal were evaluated by using a jar-test and a stirred cell. As results, aluminum sulfate and polymer additions improved the filtration index (FI 30 ) from 25% to 32 %, for both chemicals. Timeto-filter (TTF) results evidenced a positive and significant correlation between aluminum sulfate dosage and colloidal EPS reduction.
INTRODUCTION
The world's population is increasing fast and it is estimated that by 2050 it will reach more than 6.4 billion people living in urban areas. Meanwhile, 40% of this population will be affected by water shortage and loss in quality (Schlosser et al., 2014) . The implications for planning and managing water resources are complex, with the potential to destabilize the world economy, given the intrinsic relationship between water-energyfood interfaces. In this interdisciplinary context, the effluents to be treated in wastewater treatment plants (WWTP) deserve special attention and can no longer be seen as a waste, but as a valuable resource, worthy of recovery and reuse (Subtil et al., 2016; Verstraete et al., 2016) .
Novelty in water recovery and reuse technology solutions can offer appropriate options to ensure that cities are resilient to droughts and challenges of increasing water shortage. Despite the huge number of wastewater treatment technologies developed in recent decades, the Membrane Bioreactor (MBR) plays an important role in water recovery and reuse alternatives in urban areas. The MBR technology, which combines a biological and a physical separation process (mainly using micro and ultrafiltration membranes -MF and UF) became a reliable and efficient alternative to be applied in urban wastewater treatment and water reuse (Le-Clech, 2010; Subtil et al., 2014) .
MBR systems explore the high separation capacity of membranes to remove the biomass, allowing system operation from low to high biomass concentration as Mixed Liquor Suspended Solids (MLSS) (8 -15 g MLSS.L -1 ) and also with a high range of solids retention time (SRT) (10 -30 days) when operating on a full-scale system, resulting in a high-quality effluent (ideal for water reuse), as well as a system with reduced implantation area, up to 40% smaller compared to the conventional activated sludge arrangement (Judd, 2006; Subtil et al., 2013; Karim & Mark, 2017) .
Despite the intrinsic advantages of the MBR system, its common application is still compromised by the energetic consumption of air scouring as a necessary means for fouling control (Krzeminski et al., 2017) . Fouling in MBR processes, which results from the interaction between the mixed liquor and the membrane separation process, can compromise the treatment performance by reducing the filtration flux in the membranes, requiring more frequent cleanups, and even membrane replacement in the worst clogging condition Krzeminski et al., 2017) .
According to Wang et al. (2009) , many substances compose the organic fraction of (bio)chemical species that causes fouling. Among them, the Extracellular Polymeric Substances (EPS), which are mainly proteins and polysaccharides produced by the flocforming biomass in activated sludge systems, are formed as a product of microorganism metabolism. The EPS are mainly divided into two groups: soluble EPS (EPS s ) or supernatants, which is the fraction dispersed in the supernatant and; bound EPS (EPS b ), which is the fraction adhered to the biomass cells. The EPS are described as the major contributors to fouling in membrane bioreactors (Zhang et al., 2015) .
Among the methods used to minimize the fouling, the use of activated carbon (AC) and other supporting materials resulted in fouling control through mechanical scouring (physical cleaning effect) (Subtil et al., 2014; Iorhemen et al., 2016) . Moreover, Remy et al. (2010) demonstrated that powdered activated carbon (PAC) in very low dosages reduces membrane fouling not only by enhanced scouring of the membrane surface, but also due to adsorption of membrane foulants by PAC with subsequent biodegradation, causing a positive effect on the strength of the sludge flocs. However, these strategies can damage the membrane structure, depending on the abrasiveness, size and amount of the scouring material used (Wu et al., 2017) .
Besides the use of supporting material, the addition of aluminum and iron-based coagulants in the wastewater treatment is able to improve the mixed liquor filtration characteristics, as well as benefit the removal of phosphorus, soluble organic matter and colloidal substances (Song et al., 2008; Mishima & Nakajima, 2009; Yigit et al., 2010; Teychene et al., 2011; Koseoglu et al., 2012; Huyskens et al., 2012; Gkotsis et al., 2014; Iorhemen et al., 2016) .
The improvement of the sludge filterability condition of the mixed liquor by the addition of metallic salts is generally associated with colloidal substances and floc charge neutralization, resulting in fouling reduction (Lee et al. 2001; Wu et al. 2006 ). According to the divalent cation bonding theory, metallic salts can bond to negatively charged functional groups inside the EPS, which also promotes an enhancement in the size, density and shearing resistance of the flocs (Zang et al., 2008) . However, the use of metallic coagulants based on aluminum salts in concentrations above 0.36 mmol L -1 , at pH values between 6 to 8, can promote an excessive formation of aluminum hydroxide precipitates and, as a consequence, H + ions are released to the solution, lowing the bulk pH (Macêdo, 2007; Mbaeze et al., 2017) . Wu et al (2006) demonstrated a positive correlation between coagulants and flocculant addition (separately) to the mixed liquor of the MBR, and reduction in the dissolved organic carbon and filterability enhancement using metallic salts and polyacrylamide. Khan et al. (2012) obtained a flux improvement using a cationic polyacrylamide. Both studies agreed that the enhancement of the flux attributed to the use of polyacrylamides depends on the design and operating conditions of the system, as well as on the affluent characteristics and chosen coagulant quantity to avoid colloidal destabilization. Conversely, Chen et al. (2017) used the coagulation technique associated with an ultrasound treatment to improve EPS retention on the flocs. These different approaches suggest that there still is a gap in which fouling associated substances, EPS s or EPS b , are affected by the coagulants, leading to an improvement in the filterability properties of the mixed liquor associated with the improvement in phosphorus removal.
Although some studies have been developed with coagulants and flocculants to improve the mixed liquor characteristics, their application in real sludge from MBR is scarce and comparisons between flux enhancers (coagulants and flocculants) are a novelty. In this context, the aim of this work was to compare, through batch experiments, the effect of aluminum sulfate (Al 2 (SO 4 ) 3 ) and a high molecular weight cationic polyacrylamide on the properties of mixed liquor from a SMBR pilot plant fed with a domestic wastewater. The experiments were carried out using the jar-test and a stirred-cell where the reduction of soluble and bound EPS fractions, colloidal carbon, orthophosphate and filterability were evaluated.
MATERIAL AND METHODS

Reagents
A 10% (w/v) 98% pure aluminum sulfate (Al 2 (SO 4 ) 3 .18 H 2 O, 666.5 g.mol -1 ) (Dinamica, Brazil) solution was prepared as coagulant and a 1% (w/v) 99% pure Basf Zetag® 8127 high molecular weight (10.000 g.mol -1 ) cationic polymer was prepared as flocculant (this solution was prepared 24 h before the essays to provide proper chain opening time to the polymer). A solution 0.9% (w/v) of 99% pure NaCl (Dinamica, Brazil) solution was prepared as EPS b extraction solution.
Mixed liquor samples -Submerged Membrane Bioreactor pilot-plant
The sludge used in this study was obtained from a Submerged Membrane Bioreactor (SMBR) pilot plant (156 L) which was continuously fed with domestic wastewater from the student housing and restaurant of the University of São Paulo (São Paulo -Brazil). Prior to the SMBR system, wastewater came from a mechanical screening (step-screen) and grit chamber. The SMBR was equipped with a real-time data acquisition system for flow, temperature, pressure, Oxidation Reduction Potential (ORP), dissolved oxygen (DO) and pH monitoring ( Figure 1 ). A flat sheet ultrafiltration membrane module (FS-UF) from SINAP ® was used for solid separation. The membrane was synthesized in polyvinylidene fluoride (PVDF) with a mean pore size of approximately 0.1 μm and total membrane area of 1.7 m 2 (17 membrane flat sheet plates module).
During the study period, the pilot plant was maintained under ambient temperature and operated with conventional standards, in which the DO concentration was maintained above 2.0 mg L -1 . The main operational parameters of the SMBR are shown in Table 1 .
Chemical dosage procedure
The chemical dosage procedure using coagulant and flocculant addition to the SMBR mixed liquor was carried out in the batch operation mode through a Jar Test equipment (Policontrol ® , model FlocControl II), on a single batch of experiments. For each experiment, four different concentrations of coagulant and polymer were used separately, as presented in Table 2 . It is important to highlight that one of the flasks was used as control (mixed liquor only). The substance concentrations were defined taking into account the studies of Tchobanoglous et al. (2003) , Song et al. (2008) and Koseoglu et al. (2012) . Jar Test experiments were performed for 15 minutes at a speed of 110 rpm for the first 5 minutes (mixing step) and then reduced to 50 rpm. The pH was monitored with a calibrated pH meter (New Instruments ® , model NI PHN). For each experimental condition, analyses of MLSS, filterability, EPS and orthophosphate were carried out.
Flux enhancement experiments Time to Filter (TTF) determination
The TTF tests were based on the method described in the Standard Methods for Examination of Water and Wastewater 2710 H (APHA, 2012), which correlates filtering time with capillary suction time. The experiment consisted of placing 100 mL of the sludge sample in a Büchner funnel with a paper support filter (1.2 μm), applying a constant vacuum of 51 kPa and measuring the time required for 50 mL of filtrate (50% of the original sample volume). The TTF (in seconds) is given by Equation 1: adsorption and pore blocking resistance). For the same membrane sample, filtration with ultrapure water was carried out followed by mixed liquor filtration and finally by cleaning of the cake layer and filtration with ultrapure water again. The hydraulic resistance for each filtration was determined based on Darcy's law following Equations 2 and 3. After this, the membranes were chemically cleaned with 200 mg.L -1 sodium hypochlorite and sodium hydroxide solution at pH 12. The entire filtration procedure was carried out three times for each sample with the same membrane. The aluminum sulfate test was performed at a concentration of 300 mg.L -1 , while the cationic polymer was dosed at a concentration of 200 mg L -1 . The fouling index was calculated by dividing the observed flux after 30 min of filtration, J 30 , by the initial water flux, J w0 .
Table1. SMBR operational parameters. 
Resistance in series model tests and Fouling Index (FI30)
Resistance in series model tests was determined as described by Park et al. (2015) using a stirred cell (model Amicon 8400) ( Figure 2 ). During the experiments the pressure was maintained constant at 1.0 bar. In this model, total resistance (R T ) includes both membrane resistance (R M ) and fouling resistance (R F ), which is composed by resistance of the cake layer (R C ) and adsorbed resistance (R A -includes ( )
where J is the flux through the membrane (m s -1 ), Q the flux rate (m 3 .s -1 ), A the membrane area (m 2 ), TMP the transmembrane pressure (Pa), η the dynamic viscosity (Pa.s) and R the membrane hydraulic resistance (m -1 ).
Analysis of Extracellular Polymeric Substances (EPS)
The amount of EPS from the SMBR mixed liquor was extracted according to the method developed by Morgan et al. (1990) and described in detail by Judd (2006) . The extracted EPS was quantified as organic carbon (total, colloidal and dissolved) as presented in Figure 3 . A 100 mL sample was taken from the raw mixed liquor after each treatment condition (aluminum sulfate and cationic polymer concentrations) and centrifuged at 3000 rpm. The supernatant of the first centrifuged sample was filtered through a 1.2 μm glass fiber filter (Analítica®, Brazil) and the obtained filtrate was considered as total soluble EPS (EPS ST ). Further filtration of the supernatant was performed with a 0.45 μm cellulose filter (Analítica ® , Brazil), resulting in the dissolved EPS (EPS SD ), that was only used to calculate the colloidal fraction of EPS (EPS SC ), by subtraction from EPS ST . In this study, the colloidal EPS was classified as the particles between 0.45 and 1.2 µm. Although it does not include all colloidal substances, it has been known as a good indicator of membrane fouling potential in MBR in many different locations (YOON, 2015) .
To extract the bound EPS fraction (EPS BT and EPS BD ) from the sludge and to calculate the bound colloidal EPS (EPS BC ), the remaining centrifuged sludge was bulked with 0.9% (w/v) NaCl solution, heated at 100ºC for 1h and centrifuged again. Thus, the second supernatant extraction followed the same methodology as the soluble EPS.
After the extraction, Total Organic Carbon (TOC) was determined (Shimadzu, model TOC-L) with replicate readings. The bonded EPS extraction was carried out using a SL-700 centrifuge and a SL-100 heating oven, both from Solab laboratory equipment. The bonded and soluble EPS, as well the TTF determination, were normalized to the MLSS concentration.
Analytical methods
The parameters evaluated in the experiment are presented in Table 3 .
Statistical analysis
To analyze the correlation between the variables TTF, EPS s and EPS b (total and colloidal), coefficients were calculated using the Pearson correlation method (p). The coefficient can take a range of values from +1 to -1 and indicates the magnitude of correlation between the variables. In this study, p > 0.9 was considered a strong linear correlation coefficient. (3)
RESULTS AND DISCUSSION
SMBR performance
The results of SMBR performance are presented in Table 4 , in which it is possible to observe BOD 5,20 and COD removal of 96% and 95%, respectively. The high removal of organic matter by SMBR is associated with the membrane separation capacity, since they represent an absolute barrier to the suspended solids, avoiding the solid matter escape with the supernatant effluent. Besides, the membrane partition enables organic compounds of greater molecular weight to be retained in the reactor, allowing higher retention time and biodegradation of the compounds by microorganisms in the biomass. During the experiments, the concentration of MLSS ranged from 3523 mg L -1 to 5432 mg L -1 .
were 100 mg L -1 and 200 mg L -1 , the data were scattered and no relationship between them was evident. Under the optimized condition, the TTF was reduced from (131 ± 7) s (control sample) to (123 ± 6) when the cationic polyacrylamide concentration was 200 mg L -1 , lower than the reduction achieved by Al 2 (SO 4 ) 3 addition.
Although TTF reduction for the cationic polymers was less significant than for aluminum sulfate, the literature reports that their addition to mixed liquor can increase the floc sizes through a charge neutralization mechanism, which effectively mitigates the fouling. Furthermore, it is supposed that these chemicals could further enhance the entrapment of soluble EPS in flocs during the flocculation process (Ygiti et al., 2010; Dizge et al., 2011) . This could indicate that TTF may not be enough to evaluate the filterability improvement of the sludge using flocculants, since TTF measures the effects of cake formation on sludge dewaterability only under static conditions. Besides TTF, the effect of aluminum sulfate and the cationic polymer was also evaluated in the reduction of EPS (soluble and bound) and colloidal carbon. A reduction of 72.3% to 23.5% was verified in the colloidal/total ratio with a high correlation between the Al 2 (SO 4 ) 3 concentrations used and the colloidal fraction reduction (R² = 0.9865) ( Figure 5A ). Instead, regarding the bound EPS, no bias was observed considering the proportion between colloidal and total fractions and different coagulant dosages ( Figure 5B) . 
Effect of coagulant and flocculant in the mixed liquor
In this study, the parameter used to evaluate improvements in the sludge characteristics was TTF, which was primarily developed to measure sludge dewaterability. Despite this, several studies have used TTF to compare the potential effect of different conditions on improving sludge filterability (Fan, et al., 2006; Côté 2007; Gkotsis et al., 2017) . Figure 4 summarizes the TTF index determined in this study as a function of aluminum sulfate and cationic polyacrylamide concentrations. An important reduction in TTF index was observed due to Al 2 (SO 4 ) 3 , mainly when the dose of coagulant was between 50 and 300 mg L -1 . The TTF index of Al 2 (SO 4 ) 3 reduced from 0.9 s.g -1 MLSS in the control sample (without coagulant) to 0.3 s.g -1MLSS in samples with 300 mg L -1 , which represent a TTF of (131 ± 7) s and (34 ± 1) s, respectively. In general, a TTF less than 100 s indicates an easily filterable mixed liquor (Cótê, 2007; GE, 2009 ).
Despite the reduction in TTF index observed when the cationic polyacrylamide polymer concentrations due to the complex nature of different biological systems, including the diverse EPS formation mechanisms and extraction strategies, generating uncertainties regarding EPS control through exogenous agent addition.
To evaluate the relationship between the variables TTF and soluble and bound EPS (total, colloidal and dissolved fractions, which was analyzed as TOC), correlation coefficients were calculated using the Pearson method (Table 5 ). For Al 2 (SO 4 ) 3 , a strong positive correlation was noted between TTF and EPS ST , mainly in the colloidal fraction (EPS SC ). Although of smaller magnitude, a correlation between TTF and EPS BT was also observed, but the correlation was higher for the dissolved fraction (EPS BD ). Regarding the cationic polymer, a positive correlation was observed between the TTF and EPS in the colloidal fraction (EPS SC ).
The effect of both chemicals on the liquor mixed filterability was evaluated in a stirred cell for the two best TTF results (300 mg L -1 of Al 2 (SO 4 ) 3 and 200 mg L -1 of cationic polymer). The results obtained for the aluminum sulfate coagulant, presented in Figure 6 as flux decrease and Fouling Index (FI 30 ), supported the TTF results since there was an improvement in the characteristics of the sludge that resulted in better filterability. However, the TTF results obtained for the cationic polymer did not represent any improvement of the liquor mixed filterability, but in the batch stirred filterability tests, the flux decreases for the polymer and aluminum sulfate were equivalent and showed lower flux decay compared to the control sample (untreated liquor mixed) ( Figure 6A ). Compared to the control sample, the FI 30 improved from 25 ± 7 % to 32 ± 4 % and 32 ± 3 % for coagulant and flocculant, respectively.
Although results show improved mixed liquor filterability with the addition of coagulant and flocculant, there was a change in the relative contribution of the cake layer in fouling resistance. Without coagulant and flocculant, the relative cake layer contribution to fouling (Rc/Rf) was higher Thus, the reduction of the sludge EPS, especially the colloidal fraction, as shown in Figure 5A , has a positive relation to fouling mitigation, as described by Mingu et al. (2009) and Shi et al. (2017) . These studies indicated that EPS, such as carbohydrates and proteins, are able to increase the fluid dynamic viscosity and, consequently, reduce the permeate flux. In agreement with the investigations of Mishima and Nakajima (2009), a fouling reduction was verified after a chemical dosage of approximately 4.5 mg L -1 of aluminum salts, similar to Yang et al. (2011) , who related a TMP reduction of 63% with addition of iron polychloride at 20 mg L -1 .
Accordingly to Shi et al. (2017) , polyacrylamide polymers have little tendency to reduce EPS BC in relation to EPS BT , probably due to a bonding action on the organic colloidal matter, which results in a higher concentration of EPS BT . However, as presented in Figure 5B , it was not possible to confirm this behavior than the adsorbed (Ra/Rf) and with the addition of coagulant and flocculant, the relative resistance of the adsorbed increased (Figure 7) .
The increase of the R A contribution to fouling when aluminum sulfate was used may occur due to aluminum precipitation, which could result in membrane pore blocking. Precipitation of metal salts can lead to a severe membrane pore blocking in long-term MBR operation, imposing the necessity for complex physical and chemical cleaning process .
Regarding the polymer, although it favors the increase of floc size, the residual polymer can adsorb on the surface and pores of the membrane by electrostatic attraction caused by the charge difference. This may justify the increased contribution of adsorption to fouling.
Advantages in the use of the resistance in the series model is to characterize the relative significance of each resistance component in heterogeneous systems. However, although this model is widely used in the literature for fouling characterization, this should be used cautiously, because the additivity of individual resistances is questionable due to the complex nature of the sludge (Chang et al., 2009 ).
Effect of the coagulant addition on phosphorus removal
Regarding the orthophosphate removal ( Figure  7) , an increase was observed when the quantity of coagulant was raised. There was 87% orthophosphate removal with a concentration of 4.2 µmol L -1 Al 2 (SO 4 ) 3 , resulting on a orthophosphate final concentration of 0.4 mg L -1 . It was possible to identify that, from 0.6 to 1.2 µmol L -1 dosage of coagulant, there was a high orthophosphate removal rate, suggesting a firstorder relation over this dosage range. However, higher concentrations of Al 2 (SO 4 ) 3 caused a decrease in the pH (less than 4.0 for the 4.2 µmol L -1 dosage), as a consequence of alkalinity consumption, resulting in an extreme condition for biological treatment in the MBR. Moreover, from 1.8 to 5.5 µmol L -1 concentration dosage, no meaningful increase in the orthophosphate removal rate was observed. Besides, the use of higher amounts of coagulant are not reasonable, as suggested by Song et al. (2008) , which achieved 98% of phosphorus removal in a lab-scale MBR with an aluminum dosage of 50 mg L -1 .
The main purpose of cationic polymer usage in WWTP is to improve sludge filterability, as cited by Bolto et al. (2007) and Koseoglu et al. (2012) . Differently from the results obtained with the addition of Al 2 (SO 4 ) 3 , the cationic polymer presented less than 1% of orthophosphate removal. This behavior can be explained by the polymer charge neutralization and bridge formation which happens between the anionic charged organic matter and cationic polymer, described by Tchobanoglous (2003) and Bolto et al. (2007) . Thus, no correlation could be observed between polymer dosage and orthophosphate removal, probably owing to charge neutralization from the solids/organic matter load in the sample evaluated.
CONCLUSIONS
This study evaluated the influence of aluminum sulfate (Al 2 (SO 4 ) 3 ) and a high molecular weight cationic polyacrylamide on the filterability properties of the mixed liquor from a SMBR pilot system, along with the reduction of the fouling effect and orthophosphate removal.
In the TTF experiments, improvements were only evident for aluminum sulfate, which decreased when Al 2 (SO 4 ) 3 was added (TTF from 0.9 s g -1 MLSS to 0.3 s g -1 MLSS). Conversely, the cationic polymer changed the TTF from 0.9 s g -1 to 0.3 s g -1 MLSS, but no correlation was found between the polymer dosage and TTF results. A positive and significant correlation was observed between TTF reduction and colloidal EPS s , indicating higher coagulation of the colloidal fraction of soluble EPS. In the batch filterability tests, the FI 30 for the cationic polymer and aluminum sulfate improved from (32 ± 3) % and (32 ± 4 %), respectively, to (25 ± 7) %. However, the addition of coagulant and flocculant increased the contribution of adsorption in relation to the cake layer, compared to the control system.
For orthophosphate, high removal was obtained when aluminum sulfate was used as coagulant, but no significant difference was observed when the concentration of the metal salt was increased from 1.8 µmol L -1 to 5.5 µmol L -1 , indicating that limited dosages are required to improve the orthophosphate removal in SMBR wastewater treatment plants. For the cationic polymer addition, no orthophosphate removal was observed, probably as a consequence of polymer charge neutralization caused by the anionic organic matter of the MLSS;
Finally, these results suggest that aluminum sulfate can improve the orthophosphate removal and both aluminum sulfate and cationic polyacrylamide can improve the sludge filterability. However, the use of the polymer and metal coagulants with membrane filtration should be carefully evaluated because it could enhance the potential for irreversible fouling in long-term operations.
